In this study, the development of the architecture and the degree and distribution of mineralization in the basilar part of the pig occipital bone, one of the contact points between the spine and skull base, was investigated. Multiple regions of the basiocciput of pig specimens of different gestational ages were examined with three-dimensional microcomputed tomography (microCT). The cortex of the basilar part developed from a structure with a large intertrabecular separation into a more compact one, whereas its center maintained a trabecular structure. The cortex displayed a significant increase in bone volume fraction with age, together with an increase in trabecular thickness. In the center no change in bone volume fraction was observed, because of a combined decrease in trabecular number and increase in trabecular separation. During development the degree of mineralization was almost identical in both the center and the cortex and it tended to increase with age. This chance was, however, insignificant. The distribution of mineralization within the trabecular elements of both regions demonstrated that the cores of the elements were more highly mineralized than their surfaces. This difference in mineralization confirms the preexisting notion that trabecular elements grow in size due to surface apposition of new bone that initially is less mineralized.
INTRODUCTION
The occipital bone consists of a squamous part, posterosuperior to the foramen magnum, two lateral parts on each side of the foramen magnum, and a basilar part, anterior to it. The basilar part plays an important role in the development of the skull base, i.e., it lies posterior of a cartilaginous growth plate, the spheno-occipital synchondrosis, which is responsible for dorsal/ventral growth of the skull base and finally ossifies in adults. Ossification of the basilar part of the occipital bone in humans starts in the second month of fetal development with two growth centers situated adjacent to the median line. These centers extend anterosuperiorly from the foramen magnum, eventually fusing with the sphenoid bone.
Previous studies on the prenatal development of the occipital bone, including its basilar part, have described its macrostructural development [1] [2] [3] . Thus far, no information is available on the microarchitecture and mineralization of the developing occipital bone and no distinction has been made between regions of developing presumptive trabecular and cortical bone. Therefore, in this study a regional analysis was performed to distinguish possible differences between presumptive trabecular and cortical bone in the center and cortex of the basilar part of the occipital bone, respectively. Knowledge regarding the development of the basilar part augments the understanding of cortical and trabecular bone formation of the skull base and it provides baseline data on developing healthy bone in terms of architecture and mineralization. Regardless of the ossification mechanism, all bone develops from a structure with large intertrabecular distance into either a dense (compact) structure or a more spacious (spongy) trabecular structure [4, 5] .
In this study specimens of fetal pigs were used, shown to be a suitable model for human bone development [6] [7] [8] . The goal of our study was to analyze the development of the craniofacial base in terms of three-dimensional architecture and degree and distribution of mineralization. Additionally, distinction between presumptive trabecular and cortical bone was made possible by using high-resolution microcomputed tomography (CT). This technique enables the determination of three-dimensional architectural parameters of developing, young and adult bone in a nondestructive manner [7] [8] [9] [10] . The applied system is not only capable of describing and quantifying the architecture of bone, but also its physical properties, like the degree of mineralization, down to the level of individual trabeculae [11] .
MATERIALS AND METHODS
The basilar part of the occipital bone from 6 pigs (standard Dutch commercial hybrid race) of different development ages DEVELOPMENT OF THE OCCIPITAL BASE 23 was examined. Four pigs were fetuses obtained from sows in a commercial slaughterhouse, with ages 60, 67, 85, and 98 days postconception. Fetal age was determined from the mean weight of the litter, using growth curves [12] . Furthermore, 1 newborn (112-115 days postconception) and a 2-week old pig (130 days postconception) were used. These 2 were obtained from the faculty of veterinary medicine at Utrecht University. These specimens had been used for other experiments that were approved by its Committee for Animal Experimentation. The pigs were euthanized by an intravenous overdose of ketamine (Narcetan) after premedication. Prior to dissection, they were preserved at -20
• C and after dissection in a 70% ethanol solution.
For analysis, whole occipital bones were utilized, which were obtained by dissection from the pig skulls. Incisions were made through the articulations of contiguous cranial bones: transverse occipital suture, lambdoid suture, occipitomastoid suture, and the spheno-occipital synchondrosis. To assess all bone specimens with the same resolution, in larger specimens the basilar part was separated from the two lateral parts at their cartilaginous junction.
MicroCT
A microCT system (µCT 40, Scanco Medical AG, Bassersdorf, Switzerland) was used to obtain three-dimensional, high resolution reconstructions of the developing basilar part. This system is based on an X-ray tube, which produces a fan beam that is detected by a CCD-array. The system has been described in detail elsewhere [9] . The bone specimens were mounted in cylindrical specimen holders (polyetherimide, 20 mm outer diameter, wall thickness 0.9 mm) and stabilized with foam. Next the specimen holders were topped up with 70% ethanol and sealed with parafilm to avoid evaporation.
The scans produced reconstructions with isotropic voxels of 10 µm. A 45 kV peak voltage X-ray beam with a maximum current of 0.18 mA was used, which results in an effective energy of approximately 24 keV. The microCT system was equipped with an aluminum filter and a correction algorithm, which reduces the beam hardening artifacts sufficiently to enable quantitative measurements of the degree and distribution of mineralization of developing bone [11] . The computed linear coefficient of the X-ray beam in each volume element (voxel) was stored in an attenuation map and represented by a grey value in a three-dimensional reconstruction. This attenuation coefficient can be considered proportional to the local degree of mineralization [13] .
Histology
Histological examination of 1 specimen (60 days postconception) was used to identify cartilaginous regions that were subsequently avoided during selection of volumes of interest in all specimens from which architecture and mineralization were determined ( Figure 1 ). The specimen was dehydrated in a series of ethanol solutions, embedded in methylmethacrylate using cold polymerization, and stained with Goldner's trichrome [14] .
Architecture
The architecture and degree of mineralization of the bone specimens were determined in volumes of interest ( Figure  1 ) that were segmented using an adaptive threshold that was visually checked. The threshold distinguishes between bone and background. MicroCT computer software was used to determine the adaptive threshold for every selected volume of interest (software revision 3.2, Scanco Medical AG).
In this study, we distinguished between the center and the presumptive cortex of the basilar part ( Figure 1C ). Several volumes of interest (about 2.0 mm 3 each) were selected in every specimen. On average 7 volumes in the center and 11 in the cortex (both endocranial and ectocranial) of the occipital base were selected in each specimen. The data from the selected volumes of interest were averaged to obtain values representative for the entire center and cortex of each specimen.
To quantify the changes in architecture during development, several bone architectural parameters (BV/TV: bone volume fraction, Tb.N: trabecular number, Tb.Th: trabecular thickness, Tb.Sp: trabecular separation, Conn.D: connectivity density, SMI: structural model index, DA: degree of anisotropy) were calculated (software revision 3.2, Scanco Medical AG). BV/TV was calculated by dividing the bone voxels by the total number of voxels in the volume of interest. Tb.N, Tb.Th, and Tb.Sp were calculated using a model-independent method [15, 16] . Conn.D is an estimation of the number of trabecular connections per unit of volume [17] . SMI describes the characteristic shape of bone elements. Normally this parameter ranges from 0 to 3 in trabecular bone, indicating a more plate-like or rod-like structure, respectively. In compact bone, the SMI may have negative values due to concave surfaces [18] . The degree of anisotropy (DA) of the trabecular network was calculated with the MIL (mean intercept length) method. Dividing the maximum MIL by the minimum MIL results in the DA [19] . Due to the trabecular appearance of the presumptive cortical bone, the same nomenclature as for the presumptive trabecular bone was applied to describe the cortical bone structures.
Degree and Distribution of Mineralization
The degree of mineralization was estimated from the attenuation values obtained from the microCT reconstructions.
Only the values of the voxels exceeding the threshold were used for this purpose. The outermost voxel layer of bony elements was omitted as it is likely to be corrupted by partial volume effects [7] . The relationship between gray values and degree of mineralization was established according to a previous study in which reference measurements were obtained from K 2 HPO 4 solutions with varying concentrations [11] . The distribution of mineralization within the trabeculae in the cortex and center was determined with a so-called peeling-algorithm [7] . The degree of mineralization in each of the voxel layers of 7-8 µm that were consecutively peeled from the surface of the reconstructed trabeculae were determined. Every first layer that was peeled off contains on average 18.7% of the original total number of bone voxels and subsequent layers contain proportionally less voxels, i.e., ∼2.5% less of the original total number of voxels than the previous layer. A relationship between the degree of mineralization and the distance from the trabecular surface was established.
Statistics
Linear regression analysis was applied to assess changes in parameters with age. To analyze the results of the peelingalgorithm, a general linear model (repeated measures) was applied. Statistical analysis was performed in SPSS (12.0.1 software SPSS Inc., Chicago, IL, USA). A p value of less than 0.05 was considered statistically significant.
RESULTS
Cartilaginous regions were found in the lateral sides of the basilar part of the occipital bone, which were thus avoided in architecture and mineralization analysis (Figure 1 ). Before day 60 of fetal development the basilar part was visible in microCT scans; however, the structure was too small to allow proper definition of volumes of interest for accurate measurements of architecture and mineralization. At day 60 the bone in both the presumptive cortex and center had a relatively large intertrabecular separation. At the endocranial and ectocranial surfaces, the structure developed into a cortex of compact bone due to a coalescence of trabecular elements, whereas large intertrabecular distances remained in the center (Figure 2) . Initially the bone volume fraction in the center and the cortex were similar, but it diverged during development ( Figure 3) . The bone volume fraction in the center did not change significantly with age. In contrast, the cortex showed a significant increase of this parameter during development (r = 0.92; p < 0.01). At all ages the bone in the cortex contained more trabecular elements (higher trabecular number) than the bone in the center. In the center the number of trabecular elements decreased significantly during development (r = −0.87; p < 0.05). Initially the trabecular thickness in the cortex as well as in the center was approximately the same. In the center this thickness displayed no relation with developmental age, in contrast to the cortex where a significant increase (r = 0.98; p < 0.01) was observed. In the center the distance between the trabeculae increased significantly with age (r = 0.85; p < 0.05), whereas in the cortex this distance did not change significantly. In the center the trabecular separation was always higher than in the cortex.
As with the bone volume fraction, the structure model index in both the center and cortex was initially similar. The difference between the two regions increased with age. The cortex showed a significant decrease (r = −0.95; p < 0.01). It changed from about zero to negative numbers, indicating a change from a plate-like structure into a more compact structure. In the center the structure model index remained about zero, indicating that a plate-like structure was maintained during development.
In the youngest specimen the connectivity density in the cortex was almost twice as high as in the center. With increasing age, it decreased, and the difference between cortex and center became less. In both regions a significant relation with age was found (respectively, r = −0.97; p < 0.01 and r = −0.89; p < 0.05).
The degree of anisotropy shows that the bone structure in the cortex displayed a stronger orientation than that in the center throughout the investigated period. In neither of the two regions did the degree of anisotropy change significantly with age. In the center the orientation of the trabecular elements on the sides was mainly lateral (Figure 2) , whereas more medially the main orientation was anteroposterior.
During development the degree of mineralization was almost identical in both the center and the cortex and it tended to increase with age. This change was, however, insignificant. The degree of mineralization of the trabecular elements increased significantly (∼40-50%; p < 0.05) from their surfaces to their cores (Figure 4) .
DISCUSSION
During development the presumptive cortex of the basilar part of the occipital bone changes from a structure with large intertrabecular distances into a dense compact structure. This change explains the observed increase in bone volume fraction of the cortex. The increase in bone density is accomplished by an increase in trabecular thickness. In the center of the basilar part the bone volume fraction was unchanged, despite a considerable increase in trabecular separation during development. The structure model index, which reflects the characteristic shape of the structural elements of bone, became negative for the cortex, which is typical for the development of compact bone [18] .
The trabecular elements were strongly oriented. This orientation could be a reflection of the direction of development in the fetal cranial base, as also was found in the mandibular condyle of the pig [7] . The lateral orientation of the trabeculae at the lateral boundary presumably indicates increase in width, whereas the anteroposterior orientation in the medial parts points at growth in this direction, possibly instigated by growth at the spheno-occipital synchondrosis. Also prenatal mechanical loading, coming from brain growth, involuntary contraction of developing muscles, movement of the pharynx during swallowing reflexes, and hydrostatic pressure might have an influence on the orientation of the trabeculae [20, 21] .
The values for the mineralization of young fetuses found in this study were similar to those of adult bone specimens [22] [23] [24] . In these studies average values for the degree of mineralization of adult bone were generally around or over 1000 mg/cm 3 . In comparison to developing fetal mandibles [7, 8] , mineralization of the basilar part of the occipital bone appeared higher. Just as with the developing mandible, the degree of mineralization increased with age. This was, however, insignificant in the present study.
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Histological slices were used to locate regions of cartilaginous tissue. These regions were avoided during selection of volume of interest for the microCT. It must be emphasized that microCT and histology have individual and complementary value. Both microCT and histology are used to investigate the structure of trabecular bone [10] . Histology is useful in discerning bone cells and bone type. MicroCT, on the other hand, has benefits like high resolution three-dimensional quantification of structure and mineralization in a fast and nondestructive manner.
It has been shown that mineralization within trabecular elements varies spatially in adult bone [25] as well as in fetal trabecular bone [7, 26] . In both regions investigated in the present study, the cores of the trabecular elements were more highly mineralized than their surfaces. This indicates that new bone apposition takes place at the surfaces. The cores of trabeculae exist longer than their surfaces and therefore are more mineralized. We must mention that the common beam hardening artifact, even after extensive correction as applied in this study, might have an influence on the different layers. Generally, beam hardening affects the relationship between attenuation and mineralization in the outer regions of structures the most. Therefore, this could have lead to an overestimation of the degree of mineralization in the surface layers of the trabecular elements. This even strengthens our findings that the surface layers are truly less mineralized then deeper layers. The most superficial layer was omitted in the determination of average values and peeling study to avoid influence of partial volume effects. Furthermore, soft tissues were not removed and the samples were submerged in ethanol during scanning to reduce the artifact.
A few remarks are needed about the methods used in the present study. First, because of variations in geometry and density within a bone specimen and during development, it was not preferable to apply a fixed threshold for all bone specimens. Therefore, in this study the threshold for every volume of interest within the bone specimen was determined separately [27] . The choice of threshold influences the values of the morphological and mineralization parameters [28] . Especially for bone specimens with a low bone volume fraction, incorrect adjustment of the threshold leads to inaccurate measurements [29] . Therefore, in this study the threshold was determined using an adaptive method, in which the 3D gray value reconstruction of a volume of interest was segmented at multiple levels. The threshold, where the bone volume fraction changed the least, was chosen as the threshold to separate bone from background in the specific volume of interest after being checked visually [28] .
Second, the precision of the calculated parameters depends strongly on the chosen resolution. As higher resolution leads to more accurate results [30] , we applied the highest resolution possible that could be maintained for all samples (i.e., 10 µm). Higher resolutions and more accurate knowledge of bone parameters adds to the creation of more realistic finite element models for the head and neck region [31] .
Finally, for each age group only 1 specimen was used. Nevertheless, strong correlations were found. Therewith, the chance that the present results could be based upon coincidence due to interindividual variation can be considered negligible.
CONCLUSION
Initially all regions in the basilar part of the occipital bone have similar architectural features. During development a differentiation occurs. The cortex develops from a structure with large intertrabecular separation into a compact structure, whereas in the center a trabecular structure was maintained. In both regions the degree of mineralization tended to increase during development. This was, however, insignificant. The cores of the trabecular elements were more highly mineralized than their surfaces. This indicates that new bone apposition takes place at the surface.
